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I 
1, INTRODUCTION 

This Third Quarterly Report i s  submitted i n  compliance with Contract 

NAS 9-3924. Phase A of t h i s  contract is a research e f fo r t  t o  dewlap thfn- 

film active devices and passive c i rcu i t  elements f o r  use at ultrahigh 

frequencies. 

Thin-Film Personal Communications and Telemetry System (TFPCTS) i n  mono- 

The thin-film components will be used in the design of a 

tronic form. 

A t  t h i s  time, there have been no unexpected problems or delays, Work 

is progressing smoothly in  accordance with the PEEZT t i m e  table, which is 

presented in an up-to-date version a t  t h i s  nine-month point in phase A. The 

revised PWT Chart has the appropriate bubbles shaded t o  indicate approxi- 

mately the various states of completion of each task. 

During the t h i r d  quarter, the Inductor Investigation and High-perm- 

ability NW Investigation were concluded, 

increatsed on both of these research tasks t o  complete various phases of the 

lnvestigations which, otherwise, could not have been completed. 

The work e f fo r t  had been 

The thin- 

f i l m  inductors formed under t h i s  contract have proved practical, and are 

included with the  other passive components as available for use in the 

TFPCTS. 

techniques fo r  the first t i m e  under th i s  contract. 

Ferr i te  films were formed In vacuo using standard vacuum-deposition 

That is, no other report 
-- 

of t h i s  accomplishment has come t o  the attention of t h i s  laboratory. Haw- 

ever, it will require further development, beyond the scope of this contract, 

before t h i s  thin-film material can be optimised f o r  c i r cu i t  use. 

One of the main objectives of th i s  program is the development of a 

Ugh-frequency active device. Methods of fo-g potential  high-fkequency 

7 
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thin-film tr iodes have been achieved and are in the process of being 

employed, 

they are too recent t o  have undergone complete frequency tests .  

of optimizing the selected semiconductor materials, cadmium selenide, 

cadmium sulfide, cadmium t e l l u r i d e  and tellurium, is continuing, The for- 

mation of a metal-base t ransis tor  is presently being attempted. The junctions 

which will be used t o  form the t ransis tor  have been very promising, These 

junctions, which are a technological discovery of this program and have been 

developing a t  a surprisingly fast pace, are now being used in  an attempt t o  

form high-frequency diodes and varactors. 

been added t o  th i s  report .  

engineers have been studying the design approaches and circuit-component 

requirements f o r  a monotronic TFPCTS. 

requirements are presented and discussed. Also, a brochure, "Thin-Film 

Circuits," wfiich presents the state of the a r t  of thin-film passive com- 

ponents i n  detail, is included as an appendix t o  thfs report. 

These masking advancements are discussed i n  this report; however, 

The work 

A section on c i rcu i t  design has 

Since the inception of t h i s  contract, electrical 

Preliminary c i r cu i t  passive component 

The following sections contain detailed accounts of the aforementioned 

work. 

9 
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2, HIG&FRIQUEXCY THIN-FIW TRIODES 

2.1 Hgh-Frequency Measurements 

Aside f r o m  f i l m  and device studies utilizing CdTe (doped and undaped), 

m o s t  of the e f fo r t  t h i s  quarter has been that of forming CdSe or Te devices. 

Measurements of CdSe tr iodes (See paragraph 2.4) formed t h i s  quarter 

resulted i n  gain band widths (-1 t o  10.8 mcs, while Te devices dxLbited 

a GBW of up to 10 glcs, 

calctllated from the conditional approximate equation 

These measured valnes where about one-wf that 

using measured values of C and gm. 

Although the frequency capabili t ies measumd thus far have been law f o r  

the ultimate requirements of this contract, it was very encouraging t o  note 

that the devices tes ted u t i l i z e  rather large ( 1 . 0 4 1  wide) gate electrodes, 

!ibe Te devices also indicated up t o  200 mw capability. 

During the last phase of this quarter, an e f fo r t  t o  reduce the gate- 

electrode width was very successfi11. Gate widths have been reduced to that 

of the smallest saurce-drain spacings of 2.5 microns (0.1 mU). However, 

the technique has not been applied as yet t o  devices of which a GBWhas been 

measured. 

notable improvement of frequency capab i l i t ywi l l  be noted, 

It is expected that, with the reduced gate-electrode area, a 

2.2 Electrode Hasking Techniques 

2.2.1 Source-Drain Spacing 

Figure 1 i l l u s t r a t e s  the basic arrangement used in attaching f ine  

tungsten wires t o  an etched molybdermm mask t o  form the source-draln electrodes, 

i 

10 
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The wire acts to  form the spacing between a metal deposit t o  form the separate 

electrodes. 

basic method is a lso  used in forming more numerous lrmltirow devlce layouts, 

As a visual  aid (not necessarily requimd), an alignment deposition is 

Although a five=device arrangement is shown f o r  c lar i ty ,  this 

evaporated simultaneously with the source-drain electrodes. 'Phis mal l .  slit 

(indicated in figure 1) is used t o  optically align the l a t t e r  gate-eleetmde 

deposition with the source-dra3.n spacing, 

Figure 2 is a sketch of the type of support uti l ized f o r  a sOnrce=drah 

deposition t o  be made on several substrates a t  a time, 

also used f o r  the gate evaporation.) Weights (copper bars) are placed on 

the substrates t o  ensure intimate contact of the sub8Wate t o  the mask, 

is necessary tha t  the tungsten wi re  ( o r  wires) be t i gh t  t o  e n m  a straight- 

l i ne  separation of electrodes, especially important when aligning the gate 

electrode. 

(This support is 

It 

Mgure 3 is a photograph of the vacuum system in te r ior  arrangement f o r  

the deposition of source-drain electrodes, 

astride the copper bars (weights on the substrates) provides heat f o r  out- 

gassing and deposition. 

400°C f o r  outgassing and then cooled to  approximately 250' f o r  the depositim. 

In t h i s  pictare, the substrates andmasks are obscured by the wieghts and 

m k  supports. 

A quartz heater lamp housing 

Substrates (Corning lo& 0211) are heated t o  

I@ using the f ine w i r e  attached t o  basic molybdenum mask technique, it 

has been f a d  easy t o  re- and pract ical ly  produce large numbers of 

source-drafn electrodes with spacings down t o  0 , l  mil (2.5 microns). 

12 
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N i c h r o m e  V, or chroaaiUm, is the metal used to form the sonrce-drain 

electrodes. A tungsten boat ( l o a i l ,  BOD. Mathis o r  Allen Jones) is used as 

the evaporating boat. 

found strongly dependent on the vacum pressure achieved for evaporation, 

From four t o  eight evaporations (0.5 gram per charge) of nichrams can be 

expected i n  good vacuum before burnant, Durability of the boat has also 

been found dependent on frequency of use and evaporation rate. The faster 

the freqnmcy of use, the better, and, within limits, the f a s t e r  the depo- 

si t ion,  the better, 

The durability of this boat f o r  nichrarae has been 

Figure 4 is a photomicrograph (42X) par t i a l ly  showing the sanrce-drain 

spacing of 0.1 mil and the alignment guide (a lso having a 0 , l d  a l igrmaent  

s l i t )  a t  the bottom of the photograph, 

2.2.2 Gate Masking 

Four methods of forming a mask capable of result ing i n  very narrow 

deposits (gate electrodes) have been attempted. These include: 

a. Etching th in  metal f o i l s  (stainless-sted/nickel or molybdenum) by 

electrochemical or pure chemical etch, 

b. Electroforming nickel masks. 

c. 

d, 

spacing of knife edges (metal fo i l s ) .  

Spacing of wires on basic masks. 

After considerable effor t ,  the third method has been discantinued. 

ra t ions of l e s s  than 0.5 mil, it was found that the edge resolution was  

insuf f ic ien t ly  f ine t o  form a vell-def'ined deposit, Other problems, such 

as 811 aluminum deposition resulting i n  brown semiconducting layers, also 

occcurred belou this width i n  spi te  of good vacuum and deposition practices, 

A t  sepa- 

4 
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Althuugh protographic images of 0.2-mil widths have been achieved i n  

the photography, problems thus far exis t  i n  method No. 1 because of metal- 

grain boundaries i n  the f o i l  and in msthod No. 2 because of irregularities 

in the parent base metal. These two methods have not been abandoned, however, 

because a fhrther polishing of the metals (as purchased) may result i n  scmm- 

what more gnccess, During the next qnarter, e f f o r t  w l l l  be made t o  reduce 

the problems involved. 

Method No. 4 has bem very snccessfnl, and has been used t o  prochrce 

 erg Smau (2.s-micr~m) gate ~ i d t b 8 ,  S t i l l  further ~ & ~ c t i ~ a  of this width 

is apparently possible because no deterious effects  occur w i t h  the almdmm 

deposit (i,e., it is very conductive) i n  spi te  of the deposit thruugh the 

very narrow aperture. 

wires ( 1 4  diameter) are attached, side by side, t o  the basic mask i n  a 

manner similar t o  the single w i r e  forming the saurce-drain electrodes (see 

figure 1). 

ei ther  by a spacing wire or  a natural  lay whereby separation is maintained 

by tension of the wires. Again, good tension i s  required t o  align With the 

source-drain spacing, Alignment is doen optically by alignment of the gate 

electrode w i t h  the aligmemt deposition made as a companion with the source- 

drain electrodes (see figare 4). Flgure 6 is a photcmicrograph (24OX) of a 

gate electrode f o m d  using t h i s  method. The two dark areas straddling the 

gate electrode are shadows of the two 1 4  Wires used fio def'ine the aperture. 

As can be seen, the gate electrode is no greater than 0.2 m i l s  i n  width, 

Campared w i t h  the photomicrograph of figare 7 (also &OX) of an etched 

mask of approldmately 1.5 mils, a marked improvement is noted. 

Figure 5 i l l u s t r a t e s  the basic gate mask. Two tungsten 

Separation of the wires outlining the gate electrode is accomplished 

16 
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Figure 6. Photomicrograph (240X) of Gate Electrode Formed by 
Method 4 
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Figure 7. Photomicrograph (240X) of Gate Electrode Formed by 
Method 1 
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2.3 Dielectric Depositions 

!he d ie lec t r ic  used as the insulator layer i n  thjn-film triodes t h i s  

quarter was primarily SiO. 

some experiments were  performed u t i l i z ing  W u r e s  of Si0 and boron trioxide 

(B203). m e  deposition i s  performed at  a rather  rapid r a t e  ( >lOOA/sec). 

Generally, the proce- used is the 

quarters. 

To increase the d ie lec t r ic  breakdown strength, 

0 

as that described i n  previous 

2 .4 

were 

Semiconductor Depositions 

!he techniques described i n  the f i r s t  and second quarter* reports 

ut i l ized  f o r  CdSe and Te deposits. A concentrated e f fo r t  was conducted 

on the studies of CdTe films this quarter, 

2.4.1 cadmium Telluride 

During the last quarter, the e lec t r ica l  properties of CdTe films and 

CdTe f i h s  doped with indium and iodine, prepared by vacuum evaporation of 

the compound o r  vacuum coevaporation of the caarpound and dopant, were 

studied. TFTs usfng CdTe, CdTe(In), and CdrPe(1) were fabriaated. Trans- 

conductances of 10 p mho or l e s s  were observed f o r  03% and CdTe(1) TFTs, 

but transconductances of 1000 p mhos were attained f o r  CdTe(In) TFl's. 

The curve of log of resistance versus reciprocal of absolute temperature 

f o r  a high-purity CdTe f i lm is shown in figure 8. 

completely reversible over the range from 2 9  t o  25OoC. Above the tempera- 

ture  of 25OoC, an irreversible change occurs t o  the resistance. According 

t o  Ichimiya,' this is probably due t o  the selective evaporation of Cd fram 

the surface. 

l l O ° C  and the slope of the resistance c u m  s h m  a main band gap of 1.44 ev. 

The f i b  resistance is 

Intrinsic conduction is observed above the temperature of 

This i s  in good agreement with the accepted value f o r  CdTe. 1,293 

20 
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The CdTe films were prepared i n  a dual bell jar vacuum s- (see 2nd 

Quarterly Report, p. 20) by evaporation of high-purity CdTe (Penn Bare Metals) 

from a graphite crucible heated t o  80O0C. Vacua of 5 I. loo7 torr could be 

attained before the start of the CdTe evaporation and held t o  l e s s  than 

6 x 10 

2 0 4 ,  Coming 0211 glass substrates w i t h  vacuum-deposited nichrmne contacts 

(0003 square between contacts). 

cooled t o  90°C in vacuum immediately before the CdTe evaporation. 

were then heated i n  vacuum t o  XO0C f o r  Tminutes and e i ther  cooled in  

4 during the evaporation. "he films were deposited on 1 x 1 in., 

The substrates were heated t o  40O0C and 

The films 

vacuum o r  immediately quenched i n  air. 

2500 A and 7500 
( .005 squares), except f o r  filzas deposited from the M r s t  evaporation of a 

newly loaded cracible of CdTe. 

Film thicknesses ranged between 
0 

and the film resistances were a l w w  greater than lo9 ohms 

It was observed tha t  there was a sglall 

percentage of excess Cd or  'pe i n  the new material which evaporated a t  a 

lower temperature than the canpound. Films fonned on the first run of new 

material  had resistances ranging fran 1 ohm t o  100 megohms, depending upon 

how much of the campcmnd w a s  a lso  evaporated. Upon annealing these films 

i n  vacuum, t h e i r  roam-temperature resistance rose s teadi ly  t o  greater than 

lo9 ohm. It is believed that the anneal merely selectively evaporates the 

excess constituent and forms a more stohhiamstric film. 

TFTs were  fonaed frara the various CdTe films described above by evapo- 
0 0 

ration of a SW A Si0  film as the dielectr ic  and a 500 A A l  film as the 

gate electrode. The general results were as fol low: 

(a) No f i e l d  e f fec t  uas detected, e i the r  on low-resistance films o r  on 

high-resistance f i lm which had been cooled i n  vacuum a f t e r  the 

vamxu anneal. 

I 



I 
I 
I 
I 
I 
i 

(b) n-type f l e l d  e f f ec t  was observed on high-resistance films whtch 

had been quenched i n  air following the vaoum anneal, Transcon- 

ductances of 10 micro mhos were reached, 

The deposition of Si0 did not appreciably change the film resistance 

on any of the films, 

( c )  

2.4.2 Cadmium Tellnride Doped with Indium 

The curve of log of resistance versus reciprocal df absolute tempera- 

ture  f o r  a CdTe f i lm b p e d  with indium is Shawn i n  f igure 9 .  

resistance is reversible over the range froan 2 9  to 250°C. A t  imnperatures 

below 7OoC, the slope of the curve indicates an ionization energy of 0,02& 

ev, 'Fhis is in good agreement with the reported values smnmari~ed by Qang 

of 0.02 w. 

The f i l m  

4 

The indimti-doped cd'pe films were prepared by coevaporation of the two 

materials from separate boats, 

f o r  the CdTe and a 2 0 d l  tungsten boat heated t o  900' C was used f o r  the 

A graphite crucible heated to 80ooC was  used 

indium, 

ously for undoped CdTe, 

vacuum inwediatev before the film deposAtion. 

the films were ei ther  annealed i n  vacuum and quenched in a i r ,  or merely 

baked i n  air, 

resistances w e r e  generally high (10 t o  lo9 allms) before any heat treatment, 

'he films were deposited on the sane type of substrates used previ- 

The substrates were s W a r l y  heated and cooled i n  

Follawing the film deposition, 

0 0 
Film thicknesses ranged between 1600 A and 5000 A. The film 

6 

lhrring the anneal cycle, e i ther  in vacuum or air, the film resistance i n i t i a l l y  

increased t o  10 ohms o r  greater and then dropped rapidly by three t o  five 0 

orders of magnitude t o  form a highly n-type f i b ,  The i n i t i a l  increase in 
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Figure 9. Resistance vs. 1/T for CdTe Thin Film Doped with Indium 
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resistance is probably due t o  the introduction of acceptor trapping levels  

i n  the CdTe by axygen, which is  a p-type dopant f o r  CdTeO5 The large dt .0~ 

in resistance with increased heating i s  the resu l t  of the diffusion and 

incorporation of the indium within the CdTe. 

Si0 deposited onto the films c a s e d  an additional decrease i n  resistance 

by two to three orders of magnitude. The films used in the fabrication of 

TF"rs were baked i n  a i r  just long enough fo r  the film resistance t o  pass 

through the i n i t i a l  increase i n  resistance. 

reduced the f i l m  resistance by tvo t o  four  orders of magnitude and yielded 

a usable f i l m  resistance. 'Bre f i e l d  effect observed was n-type, perhaps 

indicating that the Si0 is "getteringW oxygen from the films surface and 

forming an n-type layer a t  the dielectric-semiconductor interface. 

!The application of Si0 then 

Figure 

10 shows the output characterist ics of a CdTerIn TFT w i t h  a transconductance 

of 500 p glhos. 

resistance dropped by three t o  f ive orders of magnitude generally had 

'PFTs made with films which had been heated u n t i l  t he i r  

m e r  transconductances and the output current cuuld not be biased cam- 

p le te ly  off. 

204.3, ca4pELapI Telluride Doped with Iodine 

Cd'pe films doped w i t h  iodine were formed, and TFTS using these films 

Figure ll show t h e  log of resistance versus the recipro- were fabricated, 

c a l  of absolute temperature f o r  a heavily doped low-resistance film, The 

slope of the curve indicates ionization energieB of 0.128 ev from 25' t o  

175OC and 0,058 ev from 175' t o  230OC. 

completely reversible within this tempera- range. 

The resistance of the film was  

The calculated 
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ionization energies do not agree with the accepted ionization energies fo r  

i d i n e  reported by Babe3 and others of 0.003 t o  .01 ev. 

It is  believed tha t  the iodine impurity levels are completely ionized 

a t  roam temperature and, thus, would not  play a dominant ro le  i n  the con- 

duction mechanism over the temperature range shown in f ignre 11, 

The deposition procedures f o r  CdT.e:I fiamS were the same as those fo r  

the CdTetIn films, except t ha t  the substrate temperature was  2 5 O C  and the 

films were given no heat treatment following the deposition. 

5 x IDd t o r r  could be attained before the start of the coevaporation and 

held t o  l e s s  than 5 x lo4 during the deposition. !he increase i n  pressure 

Vacua of 

i s  due t o  the extremely high vapor pressure of iodine. Rlw thicknesses 

ranged frm 2500 A t o  1 p, and film resistances generally varied from 10 t o  

lo9 ohro. 
decrease i n  film resistance by three t o  four orders of magnitude. 

0 6 

The evaporation of Si0 onto the CdTd:I films caused a large 

This large 

decrease i n  resistance is bel ievedto be due m a i n l y  t o  the heating of the 

Cd!l!e:I f i l m  during the SiOdeposition and subsequent iodine diffision, not 

t o  the Ugetteringft action of the SiO. 

completed TFTs. 

No f i e l d  effect  w a s  detected on 

2.5 High-frequency Measnrement Tkchnique 

During the pas t  report interval, a test procedure has been developed t o  

evaluate the frequency response of the active devices f o r  fhture c i rcu i t  

applications. 

bandwidth product; the second is the maximum frequency of oscillation. The 

gain-bandwidth product is  a measure of the limitations imposed by the device 

Two parameters have been measured. The f irst  is the gain- 
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capacitance, while the maximum frequency of osci l la t ion is limited only by 

the mobility o r  transit time of the charged carriers.  

A c i r cu i t  diagram is shorn in figure! 12 f o r  the measurement of gain- 

bandwidth prodnct. 

supplies the s ignal  t o  the device under test, 

used t o  develop the amplified signal. As the frequency of the applied 

signal is increased, the output voltage i s  monitored, When the output falls 

to half power, the frequency is recorded, 

gain and the half-power frequency is the gain bandwidth in cps, 

tance is  about equal t o  the device input capacitance, so t ha t  the measure- 

ments are approximately the same as would be encountered when the devices 

are used i n  a multistage amplifier, 

A variable-frequency, constant-voltige signal generator 

A 10K ohm res i s tor  load is 

The product of the low-frequency 

The capaci- 

For higher-frequency work, it i s  normal t o  use inductors t o  reasonate 

with the device and c i r c u i t  capacitaqeb, When t h i s  i s  done, the device is 

able t o  maintain the gainbandwidth product a t  frequencies up t o  the point 

where the device i s  limited by t rans i t - the  effects.  

test procedure has been developed t o  check the maximum frequency of oscil- 

lat ion.  

osc i l la tor  and lends i t s e l f  t o  inductive tuning, 

coils,  the maximum frequency of oscil lation is determined by the active 

device under test. 

For this reason, a 

This c i r cu i t  is shown i n  figure 13, The c i r cu i t  is a Colpitts 

With the use of high-Q 

The thin-film devices tested t o  date have a gain-bandwidth product of 

about 10 mcs, with a ma2dIIp1111 frequency of osci l la t ion of about 20 mcs, 

Actually, i f  the gain-bandwidth i s  computed without the load capacitance 
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(of the measuring instrument), it i s  about 20 mcs. 

in both cases is  then limited by the mobility of the semiconductor. 

from a pract ical  standpoint, the first-mentioned figures are the usable 

values. 

The frequency response 

Hovever, 

A Qp ica l  thin-film device used for these t e s t s  was a CdSe TFT w i t h  a 

sourcedrain spacing of 0.2 mils, a length of 25 mils, and a gate 1 mil wide. 

A Te !LTT d t h  the same dimensions, except t h a t  the suurce-drain was 100 mils 

long, demonstrated approximately the sane performance characteristics, 

Te device was capable of operation in excess of 100 milliwatts. 

'he 

The tests w i l l  be repeated with n a r r m r  gates, as discussed i n  

section 2.1. 
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3. METAL-BASE TRANSISTOR AND DIORES 

The materials-evaluation phase of the metal-base transistor work was  

continued throughout most of the t h i r d  quarter. 

extending this phase of the work was the lack  of supply of ZnSe from Penn 

Rare Metals, Inc. As reported in  the second qyarterly, this material was 

compatible with CdSe from Koch-Lfght for forming transistor-quality junctions. 

The ZnSe materials from the other suppliers formed junctions with relatively 

low reverse breakdown voltages. 

supplies electronic-grade ZnSe. Therefore, it was necessary to  find another 

supplier. 

The primary reason f o r  

Penn Rare Netals, Inc., huwever, no longer 

Junctions formed from the ZnSe supplied by Koch-Light Laboratories, 

Ltd.,exhibited characterist ics comparable t o  the junctions formed From the 

ZnSe supplied by Penn Rare Metals, Inc. 

will, therefore, be terminated and a major portion of the effort w i l l  be 

directed toward the study and improvement of the junctions formed from the 

CdSe and ZnSe supplied by Koch-Light Laboratories, Ltd. 

"reverse" junction has just been initiated. 

directed toward fabricating the nreversem junction and the completion of a 

metal-base t ransis tor  structure. 

3.1 Summary of Results of ZnSe Materials Evaluatfon 

Figure 

The search f o r  a ZnSe supplier 

Work on the 

The main e f for t  w i l l  now be 

s h m  the I - V  characteristics of a junction formed by 

depositing a mixture of ZnSe and CdSe supplied by Koch-LQht Laboratories, 

Ltd. 

i s t i c s  of the junctions formed from ZnSe from the different suppliers. 

Its characterist ics are given i n  table I, along with the character- 

For 
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34 



rl 

V I  

s 0 0  
5Gs 8 m 

vi 

0 
0 m 
vl 

t 

i 
n 

N 

(u 
1 
0 
d 
K 

r-i 

-Ln 

U 

cd 

0 

!i 

5 
5 
W 

5 
-?o * 0 
dri 

4 
(d 

rl 
4J a 

u! 
\o 

‘ I  m 

0 u 2 
H 

0 
0 

35 



completeness, the results of the spectrographic analysis report on the t 

! 

t 

different ZnSe materials and on the CdSe from Koch-Light are shaun in table 

11. 

3.2 Capacitance-Voltage Measurements 

The presence of a Schottky-type barrier at the "blocking" contact was 

established by mans of differential capacitance measurements. 

presents these measurements in a plot of 1/C 

l/C 

Figure 1s 
2 vs. V. From the slope of 

2 vs. V, one is able to determine the space-charge density profile as 

well as the barrier height between the gold electrode and the ZnSe-enriched 

boundary ofthe semiconductor film. 

in figure 1s indicates a change in the space-charge density from N1" 5.7 x 

loa 
with the V axis gives a barrier height of 0.4s ev. 

The change in slope in the plot shorn 

16 -3 2 to N2 G 4.2 x 10 cm . The intercept of the 1/C VS. V plot 

3.3 Swftching Characteristics 

The Tektronh, type S, unit, a special-purpose plug-in unit, was used 

to display the junction-switching characteristics. The display shows the 

voltage across the test junction as a function of the during the desired 

switching operation. Certain diode parameters, such as the effective 

lifetime of minority carriers, junction capacitance, stored charge at the 

junction, and junction resistance, can be readily obtained from the display. 

3.3.1 Forward Recovery Time 
\ 

2 Typical junctions, 5.81 x lo'* cm in area, exhibited forward recovery 

times of 0.5 Usee, 0.3 usee, and 0.1 psec when switched frm the "off" state 

(-2.5V) to forward currents of 1 ma, 2 ma, and 5 ma respectively. The 1 
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Table I1 

SPECTROGRAPHIC ANAIXSIS REPORT OF 
IIATERIAU FROM VARIOUS SUPPIJXRS 

Faint 
Impurities 

Impurities (c< o.m%) Supplier 

Penn Rare Metals, Inc. 

Material 

mse 

znse 

ZnSe 

ZnSe 

ZnSe 

ZnSe 

znse 

CdSe 

A 1  Si 
cu sr 
Fe 

Koch-Light 
Laboratories, Inc. 

\ 

cu 

Sr 
Mg 

Platal Hydrides, Inc. 

& %  
Cu S i  
Fe Sr 

Harshaw Chemical Goe 

Fe 
Si 
Sr 

Kern-Chemical 
Corporation 

A1 S i  
cu sr 
Fe Ti 

Eastman Hod& Go. 

Mg 
s i  
Sr 

Kawecki Chemical Co. 

Cu 

Zn 
Mg 

Koch-Light 
Laboratories, Inc. 
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forward recovery time is  defined as the time required f o r  the voltage 

across the junction t o  reach i ts  steady-state value after the forward 

switching pulse is applied. 

on" characterist ics i s  the absence of a switching transient nonaally 

observed i n  p-n junctions. 

forward impedance caused by the redistribution of minority carriers in the 

semiconductor materials, The absence of t h i s  transient indicates the 

insignificance of the minority carr ier  conduction in CdSe-ZnSe junction. 

3.3.2 Reverse Recovery Time 

The interesting observation made In the "turn- 

This switching transient is an i n i t i a l l y  high 

The reverse recovery time, defined here as the t i m e  required for all 

emess minority carriers to  e i ther  be recombined or withdrawn from the semi- 

conductor material, can be measured by observing the reverse switching 

characterist ics of the junction. Since t h i s  t i m e  is a function of the 

recombination rate of minority carriers, the amount of stored charge and 

the reverse current, the junctions were switched off from forward currents 

of 1 ma,  2 ma, and 3 ma t o  reverse currents of 0.1 ma, 0.2 ma, and 0.5 ma. 

In  a l l  cases, the reverse recovery t ime was measured as  zero, indicating 

the absence of minority carriers, 

by the charging time of the junction capacitance. 

f o r  Junctions (5.81 x loo2 an i n  area), when switched from a forward current 

of 1 ma t o  reverse currents of 0.1 ma, 0.2 ma, and 0.5 ma, were 30 vsec, 

15 (Lsec, and 6 tksec respectively. 

independent of the forward current before switching. 

since there i s  no charge storage. 

The only delay i n  switching was caused 

Typical charging times 
2 

These times were found t o  be almost 

T h i s  is  as expected 
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3.3.3 Comparison with p-n Junction 

The conclusion from these measurements is that these CdSe-ZnSe 

junctions should be faster than conventional. p-n junctions by an amount 

given by the reverse recoverytime. This is, of course, assuming similar 

values of equivalent series resistance and capacitance for the junctions. 

To ver i fy  this,  the switching characteristics of a smaller-area CdSe- 

The CdSe- ZnSe junctionwerecompared tothose of a lKl38A germanium diode. 

ZnSe junction exhibited the fol lowing characteristics: 

t i m e  (when switched from -2.5 V t o  1 ma)  = 0.04 usee; reverse recovery 

t i m e  (when switched from 1 ma t o  0.1 ma) = 0; t o t a l  reverse M t c h i n g  time 

(when switched from 1 m a  t o  0.1 ma) = 1.8 usee. 

exhibited the following characteristics when switched from the same? values 

of forward and reverse currents and voltages as the CdSe-ZnSe junction: 

Forward recovery 

The lN138A germanium diode 

Forward recovery time = 0.03 p e c ;  reverse recovery time = 0.7 psec; t o t a l  

reverse switching time = 1.8 trsec. 

The equivalent series resistance and capacitance, measured a t  100 Kcps 

and 116.3 pf, respec- and zero bias, fo r  the CdSe-ZnSe junction was 2.23 

tively. 

were 396 n and 20.8 pf. 

t o  be about 30 times slower than the lNl.388 diode. 

forward recovery times and the t o t a l  reverse recovery times, however, shows 

the junctions t o  be of equal speed. 

equivalent resistance and capacitance, the CdSe-ZnSe junctfon can be 

expected t o  be faster. 

The values for the lNl38A diode, measured under the same conditions, 

Fromthis, one would eqec t  the CdSe-ZnSe junction 

A comparison of the 

Hence, f o r  similar values of series 
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The frequency response of the CdSe-ZnSe junctions is, therefore, 

l imi t ed  only by the charging time of the jnnction capacitance since junction 

currents involve one-carrier transport. 

3.4 varactor Diodes 

Since the mechanism of operation of the Au-CdSe/ZnSe-Au diode is based 

upon a voltage-sensitive space-charge layer, i t s  varactor characterist ics 

merit investigation. 

The varactor operation of such a device i s  not generally familiar, and 

the theory of operation is, therefore, b r ie f ly  outlined here. 

semiconductor with a fully ionized, uniform donor density is  assumed t o  be 

i n  contact with a metallic layer. 

throughout the depletion region yields a solution which re la tes  the depletion 

layer thickness, x, t o  the applied voltage,Va. The solution can be written 

An n-type 

Integration of Poisson's equation 

as 

where e is the relative d ie lec t r ic  constant of the semiconductor, 

permitt ivity of f r ee  space, VB is the barr ier  height at the m e t a l  semfcon- 

ductor contact, q is the electronic charge, and No is the donor density. 

The junction capacity can be expressed as 

is the 
0 

dQ 
= d(VB-V,' 

I 

I 

where Q is  the t o t a l  space-charge. Q can, thus, be written as 

(3) 



where A is the junction area. 

carrying out the different ia t ion of eq. 

Combining equations (11, (21, and (3) and 

(2)  gfelds 

Equation (4) represents the varactor operation of the metal semiconductor 

junction. The capacitance is seen t o  decrease under negative bias and 

increase with posit ive bias. 

is  i n  agreement with eq, (4). 

It is noted that the p lo t  shown in figure 1s 

The capacitance r a t i o  is 

uhere C- is  defined here as the zero bias capacitance and Cmin i s  the 

capacitance a t  maximum reverse-bias voltage, V 

3.5 vo l t s  and VB = 0.45 volts, he would expect a capacitance r a t i o  of 2.78. 

The junction c b r a c t e r i s t i c s  plotted i n  figure 15 indicate a VB of 0.4s 
volts. 

r a t i o  of only  1.U. 

a t t r ibu ted  t o  tbe nonuniformity of the effect ive space-charge density fn the 

depletion region. 

If one assumes V = 
piv' PiV 

Taking the reverse bias voltage a t  3.5 vol t s  yields a capacitance- 

This discrepancy between theory and experiment is 

Due t o  the f i n i t e  series resistance of the semiconductor, there is a 

cut-off frequency given by 

1 Fco' Q F m -  2 nRC 
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where Q is the quali ty factor of the  junction and F is  the measurement 

frequency, 

the junction. 

R and C are the effective-series resistance and capacitance of 

The cut-off frequency a t  zero bias can be expressed i n  terms of the 

semiconductorlaaterial properties. 

m i t t e n  as 

The junction series resistance can be 

L R =  
BLN# 

where L i s  the semiconductor thickness and 

mobility. 

depletion region thickness. 

writ ten as 

is  i ts  effective car r ie r  

It is  assumed here tha t  L >>xo, where xo is  the zero bias 

The zero bias cut-off frequency can, thus, be 

Equation (8) s h m  that  a large value of u,  ND, and VB, and a small 

value of L, are des i red  f o r  high cut-off frequency. It is noted, hawever, 

tha t  lncreases in V and/or N reduce the capacitance rat io ,  Hence, there 

i s  an optimum s e t  of material parameters, 

B D 

Preliminary varactor measurements were performed on uni ts  with 7500 8- 
2 thick semiconductor and 5.81 x loo2 cm area. 

a capacitance bridge using a 1/2-volt, 100-kc signal. 

the capacitance rat io ,  obtained over a bias range of 3.5 volts, ranged from 

1.1 t o  1.2. 

frequency of these uni ts  t o  about 1,s mc. 

area, it is  possible t o  increase the cut-off frequency by several orders of 

magnitude , 

Measurements were made with 

Typical values f o r  

The relat ively large area restr ic ted the zero bias cut-off 

With a reduction i n  junction 
1 
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4I. INDUCTORS 

In the first quarterly report, the theory of the various face ts  and 

The equations phenomena pertinent t o  thin-film inductors was discussed. 

required f o r  the calculation were presented, 

co i l s  were ervaluated. 

Various rmiltiturn thin-film 

In the second quarterly report, the equations were  

tabulated and the theory of inductors, as applied to thin films, fur ther  

evaulated i n  the l l g h t  of experimental and pract ical  uses, 

the most apparently useful inductors would be of l o w  inductance values. 

As discussed, 

The 

result ing shorter c o i l  length muld prwvi.de higher self-resonant frequencies, 

be t te r  Q values due t o  bwer resistance, and would provide co i l s  with suf- 

f i c i e n t  inductance to be useful at lower frequencies, including use in tank 

circui ts ,  since the capacitors would have high enough values f o r  precision 

i 
4.1 High-f requency Inductors 

Table I11 lists the inductors formed during this quarter. They a re  a l l  

one-turn coi ls  (as shown i n  f igure 16), with the outer diameter and conductor 

widths varied f o r  comparison. 

4.2 Deposition Parmeters 

chromium was deposited first f o r  bet ter  substrate adhesion, and copper 

was  deposited t o  a mean thickness of approximately 2.9 microns, The copper 

thickness varied across the substrate pa l le t  plus o r  minus 10 percent. 

Since substrate Y lhas  the most squares, it yields the most accurate value 

of ohms per square. 

104 squares and a copper thickness of 30,750 angstroms. 

The ohms per square are 0,00536 f o r  a c o i l  (Y1) with 

This value of o h m  
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per sQIzare at  this thickness calculates t o  within the experimental e r ror  f o r  

the bulk r e s i s t i v i ty  of copper (1.1241 x lo4 ohms0cms), as discussed i n  the 

second quarterly report. 

4.3 rimental Results 

In table  111, the inductors are grouped, Substrates p1 through Y4 a l l  

have the same outer diameter, 0.8 inches, but the conductor width has been 

varied. Substrates Y5 through Y 7  have the same outer diameter, 0.6 inches, 

and the conductor widths have also beenvaried. The changes i n  resistance 

as a function of frequency f o r  these two sets  have been plotted i n  figures 

17  and 18. 

tors. The skin depth of copper a t  100 mcs is 66,100 angstroms, and at  250 

mcs is 43,,800 angstroms, Figures 19 and 20 show the same c o i l  groups with 

This change is, of course, due to the sldn effect  on the conduc- 

the inductance plotted as a function of frequency. 

increases with frequency can be most basically explahed by examining the 

equation fo r  voltage (v) across an inductor (L) with a changing current ( i )  

applied. 

The reason the inductance 

v = L x  di 

However, since the resistance is changing due t o  the skin effect, the cur- 

ren t  is, therefore, also changing as a function of freqnency. The basic 

def ini t ion of inductance (L) is the flux linkage divided by the current. 

(weberoturn per ampere) L p  i 

Therefore, since the current is changing, the inductance is  changing and the 

voltage across 

current, which 

the inductor is actually a function of the inductance and the 

i s  what the Q meter correctly reads. 
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Figure 18. Resistance vs. Frequency, Outer Diameter 0.6 Inches 
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A l l  the plotted values are shown i n  table IV. Tbe self-resonant fre- 

quency of these co i l s  is undetermined. 

DO-A) w i l l  not go high enough i n  frequency to even approach the self-reson- 

ance of these coils.  

should hold t rue for this configuration c o i l  and resu l t  i n  t heo re t i ca l se l f -  

resonant frequencies ranging from 570 mcs t o  1345 mcs, which are  w e l l  beyond 

the requirements of this program. Also, it should be noted tha t  the Q meter 

does not give accurate resu l t s  when the resonating capacitor is used beluw 

10 picofarads. 

have values shown f o r  250 mcs. For example, Ylresonates with a 10-picofarad 

capacitor a t  jus t  about 200 mcs. 

Tbe Q meter (Boonton Radio Corp., - 

The theory f o r  self-resonance (second quarterly report) 

That is the reaaon tha t  some of the coi ls  i n  table  IV do not 

Substrates Y2A and Y6A are the same as Y2 and Y6, except t ha t  squares 

of copper were deposited i n  the center of the coil. 

square and Y6A has a 0.2-inch square. 

Y2A has a 0.3-inch 

Any s l igh t  difference between Y2 and 

Y2A and Y6 and Y6A can be explained by experimental error and the plus or 

minus loopercent variation i n  copper thickness. 

copper i n  the center of the co i l s  did not affect  the coi lvalues .  

much of a m a s s  (such as a t ransis tor)  could be placed there without degrading 

the performance would have t o  be determined. 

Tberefore, the squares of 

Just how 

Substrates Y8, Y9, and YlO are presented f o r  comparison of smaller 

outerdiameter coils. 

4.4 Experimental Conclusions 

Small..value inductors in thin-film form without any processing a f te r  

uacuum deposition seem quite feasible. 

with a Q of 80 a t  200 mcs are attainable on a one-inch substrate. 

Inductances of 0.a microhenries 
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b*5 Circuit Considerations 

I 

These coi ls  were formed by vacuum deposition only. depositing f o r  

longer periods, the resistance could be decreased, result ing i n  higher Q 

values. Also, they could be electroplated o r  dip soldered to decrease the  

resistance. 

When shielding is  used, the inductor will be affected. The extent will 

be determined by the material used f o r  shielding. Fer r i te  material would 

probably be best because any drop i n  Q would be of fse t  by an increase i n  

inductance. 

and Y l O  were connected to the Q meter with long, 5-inilgoI.d wire leads and 

slipped into a can of copper fo i l .  

microhenries and a Q of 48 to 0.0656 microhenries and a Q of 41.5 in the  can. 

Y6  went from 0.03% microhenries and a Q of 74.6 to 0,0362 microhenries and a 

To roughly determine the effects of shielding, substrates p1 

At G O  mcs, Y l  went from an L of 0,0784 

Q of 64 i n  the can. These i n i t i a l  inductances are higher than stated in the 

tables due to the length of wire added to f a c i l i t a t e  slipping the  substrazes 

i n  the cans. These changes would be constant after assembly of the hardware. 

It is  necessary i n  any f i n a l  design involving high frequencies t o  include the 

f i n a l  packaging technique i n  the circui t  design. 

4.6 Inductor Program Conclusions 

On one-inch substrates, coi ls  have been formed to achieve different  

inductances. 

turn indicators on opposite sides of the substrate. 

The largest  inductance w a s  achieved with series aiding mtiltL- 

In this manner, induc- 

tances up to 3 microhenries was  achieved with a Q of 8 at  30 mcs and a 

self-rescmant frequency of 54 mcs, a8 reported i n  the second quarterly 

report. On one s i d e  of a substrate, 1.5 micTobenries with a potential  Q of 



I .  

3.5 at 30 mcs and a self-resonant frequency of 110 mcs can be deposited in 

0.36 sware  inch, as reported i n  the f i r s t  quarterly report. 

formulas f o r  inductance and self-resonant frequency were used and modified 

f o r  these multiturn inductors. 

single-turn inductors reported here. No empericalfonrmlas were developed 

since the need f o r  these inductors has not been generated. 

formulas are necessary, they can be derived from the experimental results 

when the need f o r  a particular value inductor is r ep i r ed .  

inductors reported here do seem to be the most promising. 

Ihe emperical 

These equations do not obviously f i t  the 

If a p e r i c a l  

The single-turn 

The resu l t s  of the research in to  the effects of thin-film coils haxe 

been encouraging. 

dimensional i s  a major limitation. 

presently used (e.g,, printed circuits) ,  the potential  d s t s  f o r  t h e i r  use 

i n  vacuumdeposited monotmnic circuitry. 

4.7 Inductor Addendum 

of course, the f a c t  that  thin-film coi l s  are on ly  tro 

However, since coi ls  of this type are 

This addendum consists of corrections f o r  the self-resonant frequencies 

given i n  the first and second quarterly reports. 

f igures  resulted from incorrect use of the Boonton Radio Corp, Q meter, 190-A. 

!Phis instrument cannot be used accurately with its in te rna l  resonating 

capacitor s e t  b e h u  10 picofarads. when the  scale is  set a t  zero picofarads, 

there is  a residual capacitance of approximately 7 picofarads i n  the equip- 

ment. 

use of the Boonton Radio Corp, R)c meter, 250. 

the  impedance is  real (resist ive only) without any external capacitance added 

t o  o r  substrated from the equipent ' s  internal  balancing capacitor. 

The previously-stated 

A method was devised t o  obtain the self-resonant frequency through the 

!he frequency is varied u n t i l  

This 
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method i s  tedious since the test equipment must be rebalanced a t  each fre- 

quency, The self-resonance of a co i l can  be found, however, as long as it 

does not exceed the l imits  of the equipment, 250 mcs. 

It should be noted tha t  a l l  other inductor measurements given prior t o  

this report, except the self-resonantfrequency, are correct. The salf-  

resonant frequencies given i n  the first two quarterly reports are actually 

the frequencies a t  which the coils resonate with a capacitor of approximately 

7 picofarads, Table V, from the f i rs t  quarterly report, and table V I ,  f r o m  

the second quarterly report, are repeated here with the  corrected values of 

self-resonant frequency (f ) f o r  c la r i ty  and completeness. 
0 

The corrected values f o r  fo  are much higher than t h e  previous vdues,  

which obviously increases the usefulness of these inductors, 



Substrate 

1 

2 

3 

4 

5 

Substrate 

la 

1B 

211 

2B 

38 

3B 

LA 
4B 
5A 
5B 

Conductor 
width 
(mils 1 

Table V 

(Firs t  Quarterly Report ) 

INDUCTOii VALUES 

10 

25 

35 

I5 
10 

Outer 
Space diameter 
(mils 1 (inches ) 

Actual 
Lhh)  f,(mc) 

0,498 230 

0.487 230 

0.555 160 

0,602 160 

0.527 160 

0.569 160 

0.615 160 

0.644 160 

1.47 U O  

1.56 110 

A- Corning, 0211, glass substrate. 
B- Englehard quartz substrate. 

Inner 
diameter 
(inches :! 

0 

0 

0 

0 

0 

Q 
(30 mc) 
. .  

+4.3 

8 

6,9 

u.5 
8 

12 

5 

604 
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Substrate 

1 

2 

3 

Substrate 

1 

2 

3 

Substrate 

u 
211 

za 

Table VI 

(Second Quarterly Report) 

35 15 0.8 

I5 35 0.8 

0.602 160 

0.569 160 

0.664 160 

2.41 80 

2.28 80 

2.66 80 

Inner 
diameter 
(mils 1 

0 

0 

0 

730 mc> . .  
11.5 

32 

9 .a 

1 - Ehglehard quartz substrates (one-inch square and 4041s thick), 

2 - A l l  values measured at 30 mco 
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5.1 Introduction 

The investigations of  vacum-deposited, thin-film ferri tes of the 

Fe 0 -B 0 mixtures were performed with emphasis on the physical research 3 4  2 3  
as w e l l  as development of thin-film, ferrite-core inductors. Since e f for t s  

in  vacuum depositing thin-film ferrites were first in i t i a t ed  i n  t h i s  labor- 

atory, the results are s t i l l  in the realm of pure physics, The application 

of the ferri te films as cores f o r  thin-film inductors has not been technol- 

ogically advanced to the improvement of the thin-film inductors. The 

results of the investigations are discussed i n  this  section. 

5.2 Structure ProPerties of Ferr i te  Films 

5.2.1 Structure Evauation 

The earlier results concerning the chemical colaposition of the films 

deposited f’rom the Fe 0 

impurities present i n  the  s tar t ing mixbure increased by s l ight  amounts i n  

the deposited films. However, t he  amount of elemental, o r  reduced, iron 

B 0 mixtures showed tha t  the concentration of  the 
3 4 - 2 3  

was measured from about 0.1% of  the 90% Fe304-l% B203 mixtures. The per- 

centage of free iron varied only with s tar t ing mixtures and not with sub- 

strate temperatures o r  vacuum annealing. The f i l m  structure, however, i s  

substrate- and annealing-temperature dependent; increasing degrees of 

magnetite structure are developed a t  temperatures above 500°C. 

Initial investigations of the film structures by X-ray diffraction 

studies reported i n  the first quarterly report were supplemented by elec- 

tron-beam diffract ion studies. The results reported here are of  the 

95% Fe 0 5% B203 mixtures. lWms that were deposited a t  temperatures t o  3 h- 
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m°C had glossy, smooth surfaces. 

600°C, with increasing growth s i z e  t o  700°C. 

Minute c rys ta l s  were discernible a t  

These are shown i n  figure 

2l(a and b), 

studied i n  the  electron microscope, 

less than 500°C were structureless, i.e., amorphous. 

SiO-coated copper grids a t  thicknesses of  approximately 50 A a t  room 

temperature were studied i n  the electron microscope, 

Films were stripped from substrates, and the structure was 

The films deposited a t  temperatures 

Films deposited on 
0 

The films were amor- 

phous and continuous. 

and the changes were observed as  a function of temperature. 

were amorphous t o  h2OoC, but t h i s  temperature, several scattered nuclei 

The samples were heated i n  s i t u  i n  the microscope, -- 
The films 

appeared and no significant growth was observed, The par t ic les  showed a 

s l igh t  tendency for an ordered ~tructwe. At s50°C, a high density of 

C r g s t a l s  formed rapidly; t h i s  i s  shoun i n  figure 22, Electron trans- 

mission-diffraction patterns of elemental i ron  were observed at  a f e w  

discrete areas. There were no other 

patterns discernible. The crystal growth continued t o  increase, and the 

photomicrographs of the  films a t  8WoC are shown i n  figure 24 ( a  and b) , 

The electron transmission-diffraction patterns of the film a t  800°C are 

The pattern i s  shown in  figure 23. 

shown i n  figure 25. The film i s  highly crystalline, and the pattern, i n  

general, agrees With the X-ray diffraction patterns of ferr i te  films an- 

nealed a t  7SO0C f o r  15 minutes in  t h e  vacuum system (See F i r s t  Quarterly 

Report, figure 27) 

Since Fe 0 -B 0 mixtures were reactive Kith tantalum boats, and l e s s  
3 4  2 3  

react ive with tungsten boats, rhenium boats were fabricated and tried.  The 

improved s t a b i l i t y  of the mixtures has not been shown a t  t h i s  time. 
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I 

(a) E Fe304 - 490. SUBSTRATE TEMPERATURE 600°C 

(b) E Fe304 - 420. SUBSTRATE TEMPERATURE 7OOOC 

Figure 21. Microphotographs of Feg04 Film at (a) 600°C and (b) 700°C 

61 



I - E3358 

Figure 22. Nuclei Growth of Fe304 Films at 5 5 0 T  
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Figure 23. Electron-transmission Diffraction Pattern of Fe 
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a) 4,800X 

b) 35,OOOX 

Figure 24. Microphotographs of Feg04 at 800'C 
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Figure 25. Electron-diffraction Pattern of Fe 0 Films at 800°C 
3 4  
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The X-ray and electron-beam diffraction studies, i n  conjunction with 

the chemical analyses, shorn tha t  Fe 0 films can be vacuum deposited from 

tungsten boats; however, 0.1-0.3% free iron i s  present i n  the films regard- 

less of deposition and annealing parameters. 

5.3 Magnetic Properties of Thin-Filni Ferri tes 

5.3.1 dB/dt and E H  Measurements 

3 4  

The magnetic-mitching B / d t  peaks (unintegrated signals) and the  

B-H loops (integrated signals) were measured by a modified Helmholtz drive 

c o i l  with a figure n8a sense coil .6 A photograph of the equipment i s  shorn 

i n  figure 26. The magnetic f i e l d  strength of the drive c o i l  w a s  measured 

a t  600 cps w i t h  a H a l l - e f f e c t  gaussmeter, The f ie ld ,  i n  oersteds, was 

l inear,  Kith drive-coil current t o  the maximum fields of 60 oersteds. The 

dB/dt peaks at 600 cps are shorn i n  figure 27a. The switching f i e ld  strength 

i s  2.7 oersteds. The induc- 

tance, or the value of B, of the  B-H loop cannot be measured d i r ec t ly  since 

the ve r t i ca l  response t o  a voltage signal corresponding t o  the magnetic 

induction i s  not readily calculable. However, it i s  possible t o  calibrate 

The integrated signal i s  shown i n  figure 27b. 

the ver t ica l  signal, the  magnetic induction in gauss, by inser t ing a known 

f i l m  value of a standard ferromagnetic film. This was done by the use of a 

f o i l  of nickel12.5 p thick and vacuum-deposited nickel f i b  of vaq ing  

thicknesses. 

of the nickel i n  f i l m  form i s  the same as i n  bulk form. 

According t o  Neugebauer,' the bn# (saturation magnetization) 
S 

That is, the 

evaporation parameters do not have appreciable effects  on varying the  

saturation magnetisation, as i n  the case of most f i l m s .  

magnetization was measured t o  be approximately 6000 gaussO8 This value i s  

The saturization 
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* 5006.00100-4 

Figure 26. Electronic Apparatus for  Measuring Magnetic Property of 
Thin Films 
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F’igure 27. (a) dB/dt Peaks and (b) Integrated B-H Loop of Ferrite Films 
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comparable t o  the value f o r  magnetite; however, the coercive f i e l d  of 

these films is  several magnitudes l e s s  than of the  bulk magnitite. 9 

An important substrate dependency of the low-coercivity films has been 

observed. 

at  substrate temperatures of  30O0C o r  less. 

fi lms are magnetic and do not switch at 60 oersteds, the maximum f i e ld  of  

the drive coil .  

phase o f  the film would be present. 

5.3.2 Magnetic Anistropy of hw-coercivity m s  

That is, the low coercive f ie lds  are  present i n  f i l m s  deposited 

A t  higher temperatures, the 

The correlating diffraction data indicate tha t  the ferr i te  

The experimental magnetization anisotropy of the low coercive films i s  

now described. 

sense co i l  was measured as a function of angular rotation o f  the f i l m  i n  the 

H f ield.  

gives rise t o  the B-H hystersis loops. 

magnetization, and anisotropy constant can be readily determined from the 

B-H loop of uniaxial ferromagnetic films. The purpose of  determining the 

magnetization angular dependence by the dB/dt peaks is tha t  it was  noted 

tha t  the  films did not exhibit uniaxial magnetic anisotropy. Changes i n  

the unintegrated switching pulses as the film is  rotated can be used i n  the 

accurate determiniation of the e a g  axes o f  the films.'' The films were 

carefully positioned t o  obtain symmetry i n  the positive and negative dB/dt 

peaks during rotation. 

angle is  shown i n  figure 28. 

dB/dt peaks a t  angular positions of Oo, 4 9 ,  &lo, 90°, and 120'. 

degree orientation of the film wi th  respect t o  the applied H f i e l d  w a s  

The amplitude of the dEl/dt-induced voltage peaks i n  the  

"he integration o f  the  dB/dt peaks by an electrical RC network 

The anisotropy field, saturization 

The p lo t  of the peaks as a function of  rotation 

The inserts are oscilloscope traces o f  the 

The zero- 
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Figure 28. Plot of Average Amplitude of dB/dt Peaks as Film is 
Rotated in Magnetic Drive Field 
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determined by searching fo r  the angular position of maximum dB/dt ampl i -  

tude i n  the drive f ie ld .  

The cusps of the magnetic orientation envelope shown i n  figure 28 

exhibit a strong hexagonal symmetry. The cusps, axes are experimentally 

within f 3' of the major axes when orientated so tha t  the strongest dB/dt 

amplitude is para l le l  t o  the magnetic drive f ie ld .  It was found experi- 

mentally i n  a l l  of the f i l m s  tha t  the position of the maximum amplitude was 

always para l le l  t o  the earth 's  magnetic f ie ld ,  The angular position o f  the 

minor cusps could be a t  e i ther  60' o r  120' with respect t o  the earth 's  

f ield,  

The sixfold magnetic anisotropy phenomenon w a s  consistent f o r  the 

f i b s  reported here, regardless of film geometry at  substrate temperatures 

below 30O0C , 

A model describing these resdts can, at best, be tentative because 

the  f i lms  do not exhibit  structure of long-range order, but do exhibit 

magnetic anisotropy. Since the magnetization vector, i.e.> directions of 

easy magnetization of the films, must have the symmetry of the c rys ta l  

it i s  assumed tha t  the symmetry shown i n  figure 28 could be due 

to hexagonal crystal l ine structure of short-range order within the f i l m .  

The cation impurities and elemental iron found i n  the  f i l m s  could be centers 

of such short-range-order volumes i n  the f i l m s ,  However, the same impuri- 

ties, including elemental iron, are found i n  films tha t  have been annealed 

above !30°C and exhibit magnetite structure. To date, X-ray and electron- 

beam diffract ion investigations have not been successful i n  experimentally 



correlating the  observed data. The origin of the well-resolved magneti- 

sa t ion  anisotropy cannot be determined a t  t h i s  t i m e ,  

5.4 surmnary f o r  Thin-film Ferr i te  Material 

The e f f o r t s  expended i n  the  investigation of t h i n - f i b  ferrites were 

threefold. The f irst  was t o  develop a technique by which ferri te th in  films 

could be deposited by standard vacuum-deposition methods completely i n  

vacuo." The second was t o  determine the magnetic properties. The th i rd  

was the application of t he  ferrite as cores to  thin-filro inductors t o  in- 

- 

crease the inductance, 

The f irst  phase of the investigations was highly successful. The 

investigations of the chemical compositions, f i l m  structures and evapor- 

ation parameters of Fe 0 -B 0 

be deposited u t i l i z i n g  vacuum-deposition techniques. 

the investigations revealed tha t ,  a t  substrate temperatures less than 35OoC, 

mixtures showed tha t  magnetite films could 

The second phase of 
3 4  2 3  

the films were amorphous and a low, coercive, ferromagnetic f i lm existed. 

A s ixfo ld  magnetic anisotropy of these films was found t o  be predominant. 

A t  substrate  temperatures above 350°C, the  f Urns showed increasing degrees 

of order of magnetite t o  a maximum temperature of 70O0C. 

hibited high coerc iv i t ies  of approximately 100 t o  250 oersteds. 

These films ex- 

The application of t h e  thin-film ferrites as  cores i n  thin-film indue- 

t o r s  did not increase the inductance of the coils.  The reasons f o r  such 

results are described i n  section 5.6, 

5.5 Evaluation of Ferromagnetic Cores 

5.5.1 Ferr i te  Core Inductors 

A s  described i n  the introduction to  t h i s  section, the application of 
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the f e r r i t e  films as magnetic cores t o  inductors i s  one of the  goals o f  the 

ferri te phase. 

the coils. 

the ferri te (and iron) core inductors are compared with "ail" core induc- 

tors. 

The resul ts  t o  date have not increased the inductance of 

The data  presented here are experimental, and the resu l t s  of 

Since the design and techniques of fabrication of the inductors have 

been adequately described i n  section 4, description of the co i l s  here i s  

omitted. However, it will be stated t h a t  the single-turn indicator suf- 

f ices  f o r  evaluation of the cores. 

Three sets of coi ls  were evaluated. The first set  i s  the co i l  on the 

substrate. The second set i s  an SiO-coated co i l  on a substrate. 

reason f o r  the SiO-coated c o i l  i s  that, as described i n  the second quarter- 

l y  report, the resistivities of these ferrites (magnetite) were sufficient- 

l y  l o w  t o  increase the  loss and effective capacitance, correspondingly 

decreasing the Q and inductance, 

barrier between the ferr i te  (or iron) and the coil. 

ferrite-SiO-coil laminated configuration. 

ed as a function of frequency. 

The 

The Si0 film would serve as an insulating 

The th i rd  set w a s  the 

The Q and capacitance are measur- 

The results are compared i n  table VII. 

The data of table VI1 show tha t  there i s  a s l igh t  increase of capaci- 

tance of the SiO-coated c o i l  over the n a b "  core inductor (which means a 

s l igh t  decrease i n  inductance). 

o f  permeability tha t  the inductor experiences when Si0 i s  substituted for  

nair", The permeability of Si0 films ranges from 5 t o  60 The layer of  

I% 0 

the  f a c t  tha t  the capacitance increased f o r  a given frequency. 

The results could be due t o  the change 

on top of the Si0 did not increase the inductance, as determined by 3 4  
The Q of 

73 



Table V I 1  

COMPARATIVE DATA FOR FHtRITE CORE INDUCTORS 

Fe 0 SiO-Coil  
f (mc> Coils SiO-Coil 3 4  

cap (# ' 1  - Q cap (Pfl  cap (Pfl Q 

80 79.0 63 82 S 61 94.1 56.1 

LOO L7.1 72 52.1 67 69.8 62 

200 10.2 87 12.8 77 1Lc 06 75 

250 6.2 87 7.9 80 9.92 78 
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the  ferr i te  core inductor exhibited essentially no change at  the higher 

frequency. 

Conclusion 

It i s  not known what factors prevent an increase of inductance, even 

though the  Fe 0 is  highly magnetic and f i lm thicknesses were 1s t o  20 3 4  
microns. 

inductance at these frequencies. e The r e s i s t i v i ty  of t he  Fe 0 f i l m s  i s  

i n  the range of 2 ohm-cm. 

The nickel-zinc ferrites have r e s i s t i v i t i e s  i n  the 10l2 ohm-cm range. 

Therefore, it is expected tha t  the deposition of such ferr i te  f i l m s  should 

The d ie lec t r ic  loss may be the fac tor  tha t  i nh ib i t s  increased 

3 4  
12 This i s  the value expected f o r  magnetite. 

show an increased inductance f o r  the coils. 

5.5.2 Iron-core Inductors 

The single-turn film inductor configuration was  used t o  evaluate the 

properties of iron-core films. 

determined by a static magnetic field. 

observed when the i ron films were inserted i n  the Helmholtz coil. 

loop did indicate t h a t  the magnetic iron films w e r e  lossy. 

The deposited iron f i lm were magnetic, as 

However, no coercive switching was 

The &H 

The layered configuration consisted of four sets f o r  inductor evalua- 

tion. The first set was  simply the c o i l  on a substrate. The second w a s  the 

SiO-coated coil .  The th i rd  was iron film deposited on the SiO-coated co i l ,  

Finally, the fourth set w a s  as follows: 

substrate, a layer  of SiO, the coil, an over coat of SiO, and, f inally,  a 

top layer of iron. 

i ron  as the core fo r  the inductors. 

An iron film was deposited on the 

!Che last  configuration was t o  enhance the effect  of the 
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The Q and inductance of the f o u r  sets  were measured at  various fre- 

quencies. The results are shown i n  table VIII. The SiO-coated inductor 

shows a s l igh t ly  smaller value of inductance when compared with the uncoated 

co i l  above. 

t o r s .  

creased by nearly 40%. 

greater than U.0 pf; therefore, a resonance was not detected due t o  the 

l imitations of the Q meter. 

the Si0 and iron films decreased by more than 9%. 

mc and 100 mc was  too large f o r  aAresonance condition. 

ductance for the  thin-film iron-core inductors correspond t o  the change, 

a comparable decrease, of iron i n  bulk forms (i.e., as a substrate). 

5.6 Summary f o r  Iron-Core Materid 

This agrees with the data concerning the  f e r r i t e  core induc- 

The inductance of the iron deposited over the  SiO-coated co i l  de- 

It w a s  noted that, at 80 me, the  capacitance w a s  

The inductance o f  the co i l  sandwiched between 

The capacitance a t  80 

The changes of in= 

The iron-core evaluation proceeded as axpected. The use o f  iron a t  

high frequencies i s  limited by the eddy currents and hysteresis losses 

generated a t  such frequencies. Thus, it was proved that  even very thin 

films of iron are not feasible  as inductor cores t o  increase the inductance 

f o r  electronic application so 

5.7 Ferr i te  F i l m  Program Conclusions 

The initial permeabilities of the vacuum-deposited ferrites have not 

been measured. 

t ion  for  such measurements i s  being procured. 

the dB/dt peaks of the  low-coercivity f e r r i t e  film with nickel films, an 

estimate of the ndynmicn permeability can be made. 

i t y  of nickel i s  1120. 

This i s  t o  be done by a torque magnetometer. Instnunenta- 

However, by comparison of 

The i n i t i a l  permeabil- 

The i n i t i a l  slope of t h e  dB/dt peaks.of the f e r r i t e  
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80 

100 

200 

250 

Table VI11 

CONPARWIVE DATA or? IRON CORE INDUCTORS 

Coil  . 
Ind 

Q - 
54.5 

SiO-Coil Fe -SiO-Coil 
Ind . Ind. 

Q 

54.0 

- 

75.0 

86.0 

102 05 

0.040 34 

0.041 48 

-No measured resonance value. 

-I 

0.026 

0.026 

0.026 

Fe -si 0-Coi 1- Si 0-Fe 
Ind - Q b h  

15.5 0.020 

21.0 Om020 
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is approximately tuice as large; therefore, an estimated value f o r  the 

permeability of these films is 2000. 

This indicates tha t  the  inductance of a thin-film c o i l  should be in- 

creased, by a factor of 10-100, by t he  replacement of the llairll core With 

the ferri te core. "here are two factors tha t  must be taken in to  consider- 

ation f o r  successfbl operation at  the 80-300 mcs region, 

The first is  tha t  the f i l m s  must be of higher res i s t iv i ty ,  and the  

seamnd i s  that the  frequency response of the films must be evaluated. 

first factor can be readily annealed ly varying the  ferri te composition, 

The 

Nickel-zinc and nickel-iron f e r r i t e s  have r e s i s t i v i t i e s  of 10 6 and 10 9 

l o w  a t  10 5 c/s. 

-. ohm-cm, respectively, ine k z z  t n z e n t  of nickel-iron ferri te is  extremely 

The permeabilities of  these ferrites are  i n  the range of 

2OO-3OO. 

thin-film inductor task by increasing the  f i l m  thickness from 20 microns 

t o  approximately 100 microns. 

Houever, such f i l m s  are capable of being incorporated i n  the 

The success of vacuum depositing thin-film ferrites (Fe 0 ) exhibiting 3 4  
magnetic properties comparable t o  the bulk f e r r i t e  (Fe 0 ), with the ex- 

ception of several anomalies noted, should warrant further investigation of 

other metal-composition fe r r i tes ,  
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6 .  CIRCUIT-DESIGN CONSIDERBTIONS 

6.1 Introduction 

Work on potential  circuit-design concepts f o r  the TFPCTS has been 

underway f o r  most of the time since the inception of t h i s  contract. The  

purpose of this work has been t o  f ac i l i t a t e  the design phase of this equip- 

ment by introducing the circuit-design engineers t o  monotronics. 

6.2 Passive Coxnpment Reqnirements 

Hininnrm specFfications f o r  passlve components t o  be used on t h i s  project 

are given below, These specifications are tentative,  and are based on the 

present system-design concept, 

6.z.i  

u t i l i t y  Resistors: 

power rating, frequency response flat t o  10 mcs. 

Precision Bias Resistors: 

requires a resistance r a t i o  s t ab i l i t y  of 0.5% ratio.  

hold over a 0' t o  SO°C temperature range. 

U t i l i t y  Capacitors: 

down. 

Precision RC Networks: Nominal R value = 10 K; Nominal C range = 0.001 t o  

0,005 pf; RC product initial tolerance or trinnasd tolerance must be bet te r  

- ~ y p ~ , . - -  e-1 nalne Cmpcments 

100 ohms t o  1 megohm, + 20% initial tolerance, C.L~-ZZ+-* - 

SOE to 1 megohm. A bias voltage s t a b i l i t y  of 1% 

This s t a b i l i t y  mst 

10 pf t o  .005 pf, t 20% initial tolerance, 20 V break- 

Frequency response flat t o  10 mcs. 

than 0.3% including temperature deviations. 

Tapered RC Networks: 

of VCO outputs. 

These networks may be used f o r  hannonic suppressian 

Attenuation specifications fo r  the second and third harmonics 

are 30 db and 60 db. 
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High Frequency Resistors and Capacitors: 

capacitance 1 t o  100 pf. 

300 mcs. 

Coils f o r  RF: 

c i rcu i t ry  from 100 t o  300 mcs. 

6.2.2 Large-value Components 

Resistance less than 5 K ohms, 

Both types of components should be usable t o  

Capacitors should have high Q. 

. 0 1 t o  0,2 lL henry. Q greater than 30 t o  be used f o r  R-F 

Components which would be useful i f  available. 

Capacitors: Large values f o r  power supply and audio output, greater than 

10 t b f .  

Inductors and Transformers: For 30 mc IF, Q greater than 30, L probably 

tk Z X ~ ~ F !  of .s uh t o  50 uh. 

Inductors and Transformers: 

frequencies, L greater than 0.1 henries. 

Very large values f o r  pmai- ;c;;Iy and audio 

in 

6.3 Passive Component- Discussion 

Recently, Melpar has prepared a brochure, "Characteristics of Evapo- 

rated Thin-Film Circuits," which is included as an appendix t o  this report. 

This brochure gives a very detailed report of thin-film passive components 

i n  a l l  aspects, except frecpency response. 

The values, tolerances, temperature characteristics, and frequency 

responses given i n  section 6.2.1, Typical Value Components, probably can 

be attained in thin-film form with reasonable yield figures i n  a usable 

substrate area. 

in the brochure. 

f la t  frequency response t o  10 mcs. 

f l a t  frequency response beyond 250 mcs. 

The major specifications are stated in  considerable d e t a i l  

Most value and configuration thin-film res i s tors  have a 

Small value, short res i s tors  have a 

250 mcs is  the limit of the tes t  
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equ ipent  used in resistor-frequency evaluations that have been made. 

precision and tapered networks will be low-yield products, but seem feasible. 

The 

The large-value components, given i n  section 6.2.2, have on ly  a limited 

possibi l i ty  i n  thin-film form. 

formed with a value of one microfarad per square inch. 

is: 

feasible t o  use a large number of substrates t o  achieve large values of 

capacitance?" Probably, one small discrete component capacitor would be 

preferable. 

For example, mltilayer capacitors can be 

The question raised 

*then though large capacitance values can be formed, would it be 
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7 . CONCLUSIONS 

Practical  techniques have been developed t o  make a thin-film tr iode wi th  

a promising configuration f o r  high-frequency performance. 

now being employed in  the fabrication of devices. 

conductor materials w i l l  continue because perfection i n  the formation of semi- 

conductor films f o r  optimum f i e l d  e f fec t  is, of course, always a necessary 

goal. The metal-base t rans is tor  is currently a t  the stage of development 

where attempts t o  form junctions, back to  back, with reverse blocking direction 

are being made. In other words, the solution of the physical problem of com- 

pat ible  deposition of two diodes, one on top of the other, is presently being 

worked out. The dloaes tks;lcaL~e? are being tes ted f o r  a thorough investiga- 

t ion  of the mechanisms of operation t o  design them f o r  high-frequency opera- 

t ion and varactor usage. 

design component. 

f o r  the present because the work e f for t  has already exceeded the time and 

man-hours allocated f o r  t h i s  investigation on the original PERT Chart. 

films seem t o  prove t h a t  f e r r i t e s  can eventually be deposited using o n l y  

standard vacum=deposition techniques. 

maintain the bulk lron properties which prevent its use a t  high frequencies. 

As shown on the PERT Chart, work on the poss ib i l i ty  of forming a transformer 

in the coming quarter w i l l  be attempted. 

coupling between co i l s  through the a i r  ( o r  vacuum), or  through a substrate. 

These methods are 

Work on the selected semi- 

The inductors have proved t o  be a useful circuit-  

The Thin-Film Ferr i te  Investigation has cane t o  a close 

These 
’ 

Thin films of iron, unfortunately, 

The potent ia l  exists f o r  useful 
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C H AR ACTE RI ST I CS 0 F EVAPO R ATE D 

The following six tables describe the performance characteristics of evaporated thin 
film rhenium resistors, borosilicate capacitors, “air core’’ inductors, conductors, etched 
chromium resistors, i e ~ ~ i i i i k  f x  VS!!!~ or soldered wire connections, and substrate 
materials. 

Similar data describing thin film diodes, triodes, typical hybrid and monotronic circuits 
are scheduled for November 1965 release. Also, performance data in general wi l l  be 
revised periodically to reflect improved processes and cumulative test data. 
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8 .  TABLE I 

THIN FILM RESISTORS 

Materials: Re resistors with S i 0  protective coating and Cr, Cu, Au, or AI terminals. 

Range: 

100 to 20,000 ohms/sq. 

10 ohms to 160 megohms/sq. inch for masked depositions 

10 ohms to 40,000 megohmdsq. inch for photoetched films 

Tolerance (at 10,000 ohms/sq. without trimming): 

f 20% for 90% yield 

f 5% for 50% yield 

Tighter tolerances/higher yields at lower sheet resistances. (Thermal trimming can be used.) 

Maximum Temperature: 

400°C continuous in room ambient air (for Au or AI surface films on terminals). 

Temperature Coefficient of Resistance (TC2): ! A-z-e TCR for temperature between 25OC and 
1 2 5 O 6 )  

250 ppm for 100 to 300 ohmdsq. 

- 100 ppm 2 5% at 600 ohmdsq. 

- 200 ppm 55% at 4300 ohmdsq. 

- 340 ppm 2 5% at 10,000 ohmdsq. 

Shelf Life: 

Less than 1% change in resistance up to 11,000 ohmsbq. over a 4.5-year period - typical. 

Aae Stobi l ib  Under 60 CDS ac Load: 

Less than 0.5% change in resistance of 500 ohms/sq. resistors after 5000 hours of operation 
at 65' to 75OC substrate temperature i n  room ambient air. (Approximately 0.25 watt dissipation 
for each of 10 resistors per substrate -- up to 200 watts/sq. inch of resistor area.) 

Voltage Effects: 

0.27% reduction in 11.15 megohms (7250 ohms/sq.) resistor from 0 to 825 volts dc. 

VCR = - 3.32 ppm/volt -- typical. 

Current Noise: 

Noise index equals- 8 db(0.4 pv/v) for 18.7 megohms (10,570 ohmdsq.) resistor - typical. 
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TABLE I1 

ETCHED THIN FILM CHROMIUM RESISTORS 

50 to 10,000 ohms/sq 

5 ohms to 100 megohmdsq inch for mask deposition 

5 ohms to 20,000 megohmdsq inch for photoetched films 

Tolerance at 500 ohms/square, for photoetched f i  Ims: 

Without Trimming: 2 15% for 90% yield, overall 

2 5% for 60% yield per resistor 

W*I. I. I I.. T-;mminn- . .... + 1% for 95% yield per resistor 

+O.l% for 60% yield per resistor - 
Maximum Temperature in Room Ambient Air: 

Temperature Coefficient of Resistance (25' to 125OC): 

250 ohms/sq - +20 ppm 

500 ohms/sq - 100 ppm 

Shelf Life: 

Less than 0.5% change in resistance over a one-year period. 
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TABLE I l l  

THIN FILM CAPACITORS 

Materials and Configuration: Borosilicate dielectric aluminum plates; single dielectric layer. 

Range: - 
3,000 to 15,000 pf/cm2 

19,350 to 96,750 pf/in2 

0.5 pf minimum for smallest practical masked area 

Tolerance: 

8% overall 

General Equations: 

c= 8.87 x lo6 
A d 

A eKv 

C/A 
Vw = Kvd = 8.87 x IU- - 

where C = capacitance, p f  = ggf  

2 A = capacitor area, cm 

e = dielectric constant 

d = dielectric thickness, X 
V, = withstanding voltage (continuous), volts dc 

Kv  = dielectric strength, volts/S1 

Dielectric Con stant: 

e =  4 

Dielectric Strenath and Withstandina Voltaae: 

K v l  0.03 volt/6i = 3 x 10 6 volts/cm 

This i s  for a continuously applied voltage, where no degradation occurs. A continuous 
voltage about 28% higher results in a reduction in  dc resistance which stabilizes after 
about 30 minutes o f  application. A voltage about 43% higher results in  catastrophic 
breakdown after about 10 seconds of application. 

volts or V, increases from 71 to  

as d increases from 2,360 to 

1.065 x lo6 
For the above values and range, V, = 0.03d = 

C/A 
355 volts dc and C/A decreases from 15,000 to 3,000 pf/cm 

11,800 61. 
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TABLE I l l  (CONTINUED) 

THIN FILM CAPACITORS 

I 

DC Resistance: 

2 
Resistance decreases exponentially with increasing voltage. For a 15,000 pf/cm 
where d = 2360 51, a typical relation is: 

capacitor, 

2-9 X 10” -0.1638 V, < 70 volts - R =  e 
A 

where 

R = resistance, ohms 

A = capacitor area, cm 

v = voltage across plates, volts dc 

2 

For the above example, 

R = 21,500 megohms when 

v = 30 vdc and A = 1 sq cm 

R-sistance i s  greater for thicker dielectric films; or as C/A decreases. 

Q vs. Frequency: 
2 imag 

Capacitor Q i s  defined as- 2 real 

c 

The f la t  plate capacitor equivalent is: 
(R ,CI w 

where 

C = capacitance (farads) 

RI = dc resistance of dielectric (ohms) 

R s  = resistance of leads and plates (ohms) 

Q’ = maximum Q (determined experimentally) 

w = frequency, rad/sec (a= 2n f )  
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TABLE Ill (CONTINUED) 

THIN FILM CAPACITORS 

(Normally Rs/RI << 1 and may be neglected.) 

Q'= enox= 1 0 0 t o  1000, typical 

Example: 

If C = 100 pf, RI = 10,000 megohms, Rs = 0.1 ohm, Q' = 100,and w =  lo9 rad/sec 

(f = 159 mc), 

then Q = 99 

Plate and Terminal Resistance: 

where 

R = resistance, ohms 

R' = sheet resistance, ohms/square 

L = length of conductor 

W = width of conductor 

p = resistivity of conducting fi Im 

d = thickness of conducting fi lm 

R' 5 0.1 ohm/square 

Humidity Effects: 

No measurable changes after immersion i n  water for a minimum of 24 hours. 

Temperature Coefficient of Capacitance: 

TCC I 100 ppm/OC for + 25 I T 5 + 125OC 

Maximum Operating Temperature: 

400oc 
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TABLE IV 

THIN FILM INDUCTORS 

Materials and Configuration: The inductors described below have a flat, two-dimensional, square, 
spiraling-coil configuration. They consist of one layer and do not contain any ma netic "core" 

over a chromium fi lm about 500 bl thick. Copper i s  used because of i t s  low resistivity, high 
deposition rate, low cost, and compatibility with either soldered or welded joints; and chromium 
i s  used to provide strong adherence to the substrate. 

materials. The conducting f i lms  generally consist of a copper fi lm about 20,000 1 thick, deposited 

Magnetic f i lms  deposited on both sides of  the coi l  should increase the inductance in direct 
proportion to their permeability; deposition of  magnetic films i s  i n  the research stage of  
development, therefore no data i s  furnished on them at this time. 

General Eauations: I 

I 

~~ ~ ~ 

a L = 18 x lo-*  ON"^ log 8- 
C 

A + B  
4 

a =- 

A If N = Nmax = - 
+ Y)  

X = 2NA--+(4N - l ) y  
2 

947 x 106 
f o =  4 

where 

L = inductance (henrys) 

N = number of turns 

A = length of longest side at the outer periphery (inches) 

B = length of shortest side at the inner periphery (inches) 

x = conductor width (inches) 

y = distance between adjacent conductors (inches) 

1 = total length of coi I--conductor (inches) 
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TABLE IV (CONTINUED) 

THIN FILM INDUCTORS 

fo= self-resonant frequency (cps) 

Q = quality of the inductor 

R = resistance of coil--conductor (ohms) 

p = resistivity of conductor film (ohm-angstrom) 

d = thickness of conductor film (angstroms) 

R'= sheet resistance of  conductor f i lm (ohmdsquare) 

Note: Changes in  resistance, and therefore Q, as a function of frequency due to "skin effect" or 
other phenomena are neglected i n  the above equations. Typical thin f i lm inductors have exhibited 
12.5%to 23.4% increases i n  resistance as frequency increases from 0 to 30 mc. This i s  consider- 
ably less than i s  found in  wire-wound inductors. Studies are being made to determine equations 
relating resistance and inductance to frequency and geometry of thin f i lm  inductors. 

- 

Characteristics of two typical thin f i l m  inductors are listed below: The outer dimensions, A, 
and sheet res:z::.xz, 0'. nr- the same for each inductor. 

R' = 0.01 ohm/sq. 

A = 0.6 inch A = 0.6 inch 

R' = 0.01 ohm/sq. 

x = 0.010 inch x = 0.050 inch 

y = 0.010 inch 

N = 13 turns 

y = (not applicable) 

N = 1 turn 

L = 1.5 p h L = 0.064 p h 

fo = 50 mc 

Q = 16 at 3 0 m c  Q = 30at  100mc 

fo = 400 mc 

Range and Tolerance for Masked Depositions: 

Range Tolerance 

A 0.030 inch min +0.001 inch 

B 0.010 inch min fO.OO1 inch 

x 0.005 inch min 20.001 inch 

y 0.010 inch min +0.001 inch 

R' 0.010 ohm/sq. min * 10% 

Typica I Inductor Tolerances: 

L f l %  

fo f. 1% 

Q 5 10% 
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TABLE V 

THIN FILM CONDUCTORS AND WIRE CONNECTIONS 

MATERIALS, 
STARTING AT 
SUBST RAT E 

Cr 

AI 

Cr, Au 

Cr, Cu 

Cr, Cu, Au 

SHEET 
RESISTANCE 
RANGE (TYPICAL) 
OHMS/SQ 

10 to 100 

1 to 0.1 

1 to 0.1 

0.1 to 0.01 

0.1 to 0.01 

WIRE LEADS AND JOINTS 
~~ ~ 

welded Au or AI 

welded Au 

welded Au or AI 

welded Au or AI, or 
soldered Cu 

welded Au or AI; or soldered Cu 

Notes: 

1. Cr and AI f i lms have strong adherence to  glass, quartz, or glazed alumina substrates, 
whereas Cu or Au films do not. Therefore, Cu or Au are deposited over a thin Cr adherence 
film. Au i s  used where oxidation must be minimized, particularily for high-temperature 
applications. Cu i s  used for high conductivity a t  low cost and for solder joints. AI has the 
advantage o f  forming a thin surface oxide which i s  stable up to about 5OOOC in air, except 
where the AI  i s  in contact with certain dissimilar metals such as Au. 

2. Typical wire diameters are 0.001 to 0.010 inch for welded joints and 0.001 to 0.030 inch 
for soldered joints. 

3. Minimum thin fi lm terminal size i s  0.015 inch square for welded leads and 0.050 inch 
square for soldered leads. 

4. Pul l  strength i s  limited by wire strength when pulled parallel to f i lm surface for welded 
joints or in any direction for soldered joints. 

5. 

6. 

Welded joints are made employing the parallel gap resistance welding technique. 

Solder joints are generally made using ordinary lead-tin solder with a very small quantity 
o f  white resin flux. Where a thin gold surface film is deposited over the copper fi lm and gold 
plated copper wire i s  used, oxidation at  the joint i s  minimized and the flux may be omitted. 
Even where gold i s  used, however, the flux facilitates soldering. A small percentage of silver 
in the solder i s  necessary to prevent dissolving of the gold. An economical technique for 
assembling and soldering hybrid thin fi lm circuits i n  quantity production lots has been developed 
a t  Melpar. The fi lm deposition and soldering processes are controlled to the point that 
component leads can be unsoldered and resoldered without damage to the thin fi lm terminals. 

I 
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TABLE VI  

SUBSTRATES 

SIZES: The production focility can handle substrates ronging in size from 0.125 x 0.250 inch to 4.188 x 4.188 inches with 
thicknesses from 0.010 to 0.250 inch. 

Typicol sizes ore 1 x 1 inch and 2 x 2 inches with thicknesses of 0.010, 0.020, 0.030, and 0.040 inch. 

Typicol toleronces ore+ 0.5% to+ 1% for 1 to 2 inch dimensions ond f 10% to 20% for thicknesses. 
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